Advances in DNA sequencing have made it feasible to gather genomic data for non-model 2 organisms and large sets of individuals, often using methods for sequencing subsets of the 3 genome. Several of these methods sequence DNA associated with endonuclease restriction 4 sites (various RAD and GBS methods). For use in taxa without a reference genome, these 5 methods rely on de novo assembly of fragments in the sequencing library. Many of the 6 software options available for this application were originally developed for other assembly 7 types and we do not know their accuracy for reduced representation libraries. To address 8 this important knowledge gap, we simulated data from the Arabidopsis thaliana and Homo 9 sapiens genomes and compared de novo assemblies by six software programs that are com-10 monly used or promising for this purpose (ABySS, CD-HIT, Stacks, Stacks2, Velvet and 11 VSEARCH). We simulated different mutation rates and types of mutations, and then applied 12 the six assemblers to the simulated datasets, varying assembly parameters. We found sub-13 stantial variation in software performance across simulations and parameter settings. ABySS 14 failed to recover any true genome fragments, and Velvet and VSEARCH performed poorly for 15 most simulations. Stacks, Stacks2, and CD-HIT recovered a high proportion of true frag-16 ments and produced accurate assemblies of simulations containing SNPs. CD-HIT exceeded 17 Stacks and Stacks2 in accuracy of assembly for simulations that included insertion and 18 deletion polymorphisms. Here, we demonstrate the substantial difference in the accuracy 19 of assemblies from different software programs and the importance of comparing assemblies 20 that result from different parameter settings.
sequencing at locus (can be optimized, potentially high relative to WGS; Buerkle & Gompert, relative to WGS) for a finite amount of sequencing. Despite legitimate concerns about the 356 adequacy of genome coverage by GBS-like methods for certain questions and in some systems 357 (Lowry et al., 2016) , for many applications in population genomics GBS-like methods are 358 likely to remain attractive for some time (McKinney, 2016) . Whereas several studies have 359 examined the consequences of laboratory and bioinformatic methods for variant identification 360 and other downstream analyses (Shafer et al., 2017; Flanagan & Jones, 2018; Warmuth & 361 Ellegren, 2019), this investigation fills a gap in knowledge regarding de novo assembly, a 362 foundational step in analysis. 363 Our literature review of 100 recently published papers indicates that Stacks has been 364 the most commonly used de novo assembler for GBS data (39 of the reviewed studies), but 365 also that a large variety of software programs are used. Our comparative simulation study 366 showed that Stacks (and Stacks2) recovered true genomes well in the absence of allelic 367 variation, but did less well than CD-HIT (used in only 4 of 100 reviewed papers) for both 368 the A. thaliana and H. sapiens genomes when mutations were present (Table 3 ). In par-369 ticular, insertion and deletion polymorphisms caused under-assembly of reads for Stacks 370 (as previously demonstrated by Puritz et al., 2014) and a failure to recover a substantial 371 fraction of true genome fragments for Stacks2 (presumably because polymorphisms led to 372 fragmentation of contiguous sequences in the assemblies). CD-HIT was the only assembler 373 that across simulations consistently recovered a high proportion of true genome fragments 374 and its assemblies typically were close to the original genome fragments (with the expected 375 exception in assemblies with a 98% minimum match percentage separating, in which allelic 376 variants with greater than 2% divergence were placed into separate contigs). Two of the other 377 assemblers we considered, Velvet (used in 1 of 100 reviewed papers) and VSEARCH (used in 378 11 of 100 reviewed papers), either performed relatively well at recovering all genome frag-379 ments, or at assembling reads into the correct number of genome fragments, but not both. 380 Somewhat dependent on the k-mer setting and the simulation, Velvet assemblies failed to 381 recover a substantial fraction of true fragments (sometimes with counter-intuitive sensitivity 382 to assembler settings), yet over-assembled those fragments only modestly. Whereas VSEARCH 383 assemblies recovered a high fraction of the true genome fragments across simulations, typ-384 ically the assemblies were drastically under-assembled, particularly for the human genome. 385 Finally, ABySS was poorly suited to de novo assembly of GBS reads (it was not used in any 386 of the 100 reviewed studies), in that it resulted in contigs that were exclusively shorter than 387 the original reads and its assemblies did not contain any true genome fragments. 388 We found that assembly method did not predict assembler performance in any consistent 389 manner (Table 3 ). We included software that used either graph-based algorithms or greedy-390 clustering algorithms, and assemblers in each category varied in their performance. The 391 highest performing assemblers, CD-HIT and Stacks2, used different algorithms, suggesting 392 that assembly algorithm is not a useful metric to select software for de novo assembly of 393 GBS data. 394 For the top performing assemblers, CD-HIT and Stacks2, the challenges to obtaining cor-395 rect assemblies were as expected: allelic polymorphism due to indel variation at a locus likely 396 led to assembly of shorter tracts of true genome fragments into contigs (Stacks2; see Figures  Table 1 : Parameter settings for in silico restriction enzyme digestions and simulated reads for GBS using ddRADseqTools (Mora-Márquez et al., 2017) . The parameter mutprob sets the probability that a base pair in the locus will mutate. The maximum mutations allowed per locus is set by locusmaxmut. The probability that a mutation will be an insertion or deletion (indel) rather than a SNP is set by indelprob. The maximum length in base pairs of the indels is set by maxindelsize. We simulated reads for both the A. thaliana and H. sapiens reference genomes using each of these nine parameter combinations. Mutations are mostly 1-3 bp indels 0.1 3 0.99 3 1-5 bp indels
Mutations are mostly 1-5 bp indels 0.1 3 0.99 5 Table 2 : Percent match and k-mer length values tested for each assembler. We tested a range of parameter values possible for each assembler. We also constructed assemblies using the assembler-optimized parameter values, or if the assembler did not have an optimization routine, we used the defaults. Optimized or default parameter values are in bold. *Note that for Velvet, only the A. thaliana simulations had optimized k-mer length because the attempted optimization of H. sapiens simulations exceeded available computational resources. Completeness was calculated as the proportion of contigs that matched original genome fragments. A value less than 1 indicates that some of the assembled contigs were not found in the genome fragments. Values are reported for five assemblers: CD-HIT (green), Stacks (blue), Stacks2 (purple), Velvet (pink) and VSEARCH (orange). The hue of each color corresponds to the percent match parameter setting used in the assembly, with light hues corresponding to 90% match, medium hues corresponding to 94% match, and dark hues corresponding to 98% match. Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Tables S2 & S3 for details). , in simulations of an equal number of SNPs and indels (B, E), and simulations of 1-5 base pair indels (C, F). Simulations were derived from the A. thaliana (A-C) and the H. sapiens(D-F) genomes. Over-and under-assembly are presented by the ratio of assembled contigs to true genome fragments (left vertical axis) and by absolute numbers (right vertical axis). A contigs:fragments ratio greater than one represents under-assembly and a ratio less than one represents over-assembly. Assembly results are shown for CD-HIT (green), Stacks (blue), Stacks2 (purple) and Velvet (pink) with variable percent match (light hues = 90%, medium hues = 94%, dark hues = 98%). Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Tables S2 & S3 for Figure S1 : Performance of CD-HIT (green), Stacks (blue), Stacks2 (purple), Velvet (pink), and VSEARCH (orange) on all nine simulations of the A. thaliana genome (panes A-I). The ratio of contigs produced by each assembler to the number of unique fragments is used to estimate the degree of under-or over-assembly, with values greater than one representing under-assembly and values less than one representing over-assembly. The second y-axis displays the number of mis-assembled contigs, with positive values representing the number of contigs that are under-assembled and negative values representing the number of contigs that are over-assembled. Perfect assembly, a value of 1, is represented by the gray dashed line. Percent match values used for the assemblies are represented by hue: 90% (light), 94% (medium), and 98% (dark). Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Table S2 for details). Figure S2 : Performance of CD-HIT (green), Stacks (blue), Stacks2 (purple), Velvet (pink), and VSEARCH (orange) on all nine simulations of the H. sapiens genome (panes A-I). The ratio of contigs produced by each assembler to the number of unique fragments is used to estimate the degree of under-or over-assembly, with values greater than one representing under-assembly and values less than one representing over-assembly. The second y-axis displays the number of mis-assembled contigs, with positive values representing the number of contigs that are under-assembled and negative values representing the number of contigs that are over-assembled. Perfect assembly, a value of 1, is represented by the gray dashed line. Percent match values used for the assemblies are represented by hue: 90% (light), 94% (medium), and 98% (dark). Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Table S3 for details). Figure S3 : The completeness of assemblies in various simulations (A-I) derived from the A. thaliana genome. Completeness was calculated as the proportion of contigs that exactly matched original genome fragments. A value less than 1 indicates that some of the contigs produced were not found in the genome fragments. CD-HIT is green, Stacks is blue, Stacks2 is purple, Velvet is pink, and VSEARCH is orange. The impact of varying the percent match parameter setting is represented by the gradient in the hue of assembler-specific colors (light hue = 90%, medium hue=94% and dark hue=98% match). Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Table S2 for details). Figure S4 : The completeness of assemblies in various simulations (A-I) derived from the H. sapiens genome. Completeness was calculated as the proportion of contigs that exactly matched original genome fragments. A value less than 1 indicates that some of the contigs produced were not found in the genome fragments. CD-HIT is green, Stacks is blue, Stacks2 is purple, Velvet is pink, and VSEARCH is orange. The impact of varying the percent match parameter setting is represented by the gradient in the hue of assembler-specific colors (light hue = 90%, medium hue=94% and dark hue=98% match). Assemblers have multiple dots in the same hue when k-mer length affected assembly outcome (see Table S3 for details). Table S2 : Assembler results for all simulations derived from the A. thaliana genome. Simulations were used to explore the impact of the number of mutations (overall and per locus), the proportion of mutations that were indels and the size of indels, on assembly performance across five different assemblers (i.e., CD-HIT, Stacks, Stacks2, VSEARCH, and Velvet), with varying percent match and k-mer lengths (when appropriate). Detailed descriptions of each simulation can be found in Table 1 of the main text. Assembly results were compared using two different metrics, the proportion of contigs that match genome fragments (completeness) and over-under assembly ratio (contigs:fragments). The completeness proportion includes exact sequence matches as well as close matches (see main text methods for clarification). K-mer length is left blank in the case of CD-HIT entries, because CD-HIT does not use k-mer length as a parameter setting. Table S3 : Assembler results for all simulations derived from the H. sapiens genome. Simulations were used to explore the impact of the number of mutations (overall and per locus), the proportion of mutations that were indels and the size of indels, on assembly performance across five different assemblers (i.e., CD-HIT, Stacks, Stacks2, VSEARCH, and Velvet), with varying percent match and k-mer lengths (when appropriate). Detailed descriptions of each simulation can be found in Table 1 of the main text. Assembly results were compared using two different metrics, the proportion of contigs that match genome fragments (completeness) and over-under assembly ratio (contigs:fragments). The completeness proportion includes exact sequence matches as well as close matches (see main text methods for clarification). K-mer length is left blank in the case of CD-HIT entries, because CD-HIT does not use k-mer length as a parameter setting. 
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